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Turbulence is thought to play a role in the heating of the solar wind plasma, though many questions remain to be
solved regarding the exact nature of the mechanisms driving this process in the heliosphere. In particular, the physics
of the collisionless interactions between particles and turbulent electromagnetic fields in the kinetic dissipation range of
the turbulent cascade remains incompletely understood. A recent analysis of an interval of Magnetosphere Multiscale
(MMS) observations has used the field-particle correlation technique to demonstrate that electron Landau damping
is involved in the dissipation of turbulence in the Earth’s magnetosheath. Motivated by this discovery, we perform
a high-resolution gyrokinetic numerical simulation of the turbulence in the MMS interval to investigate the role of
electron Landau damping in the dissipation of turbulent energy. We employ the field-particle correlation technique
on our simulation data, compare our results to the known velocity-space signatures of Landau damping outside the
dissipation range, and evaluate the net electron energization. We find qualitative agreement between the numerical and
observational results for some key aspects of the energization and speculate on the nature of disagreements in light
of experimental factors, such as differences in resolution, and of developing insights into the nature of field-particle
interactions in the presence of dispersive kinetic Alfvén waves.
I. INTRODUCTION
The mechanisms that govern the dissipation of turbulent en-
ergy in space and astrophysical plasmas, where the energy of
turbulent fields and flows is transferred to the plasma particles
as heat or some other non-thermal form of energization, re-
main poorly understood, representing a key challenge at the
frontier of heliophysics. Many physical processes have been
put forward as potential contributors to solar wind particle
energization, including Landau damping, transit-time damp-
ing, cyclotron damping1–3, stochastic ion heating, magnetic
pumping4,5, and dissipation in coherent structures6,7. In this
work, we focus in particular on the contribution of Landau
damping by electrons. Landau damping is a resonant wave-
particle interaction in which energy is transferred collision-
lessly from the electromagnetic fields to non-thermal energy
contained in fluctuations in velocity-space. Subsequent pro-
cesses transfer this free energy in the particle velocity dis-
tribution to sufficiently small velocity-space scales that arbi-
trarily weak collisions are sufficient to increase the entropy,
and thus lead to irreversible thermodynamic heating of the
plasma3,8–10.
Landau damping by ions in a turbulent plasma has
been studied numerically in the past and is fairly well
understood11–14. Electron dynamics, however, are both less
well understood and more challenging to study due to the
smaller spatial scales and higher frequencies involved. When
solar wind turbulence cascades beyond the ion scales at the ion
Larmor radius, the cascade is thought to transition from the
magnetohydrodynamic (MHD) inertial range into the kinetic
dissipation range15–17. Here, kinetic theory is required since
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the MHD approximation is no longer valid, and the MHD
Alfvén waves cascade into dispersive kinetic Alfvén waves
(KAWs)18. The dispersive nature of the KAWs in this region
introduces new and relatively unstudied complexities into pro-
cesses such as Landau damping.
Modern instrumentation and computer capabilities make
research on kinetic-scale solar wind phenomenon possible,
though it remains challenging. A study by Chen et al.
(2019)19 (hereafter CKH19) is a successful example of us-
ing observational data to study kinetic-scale processes in the
heliosphere, and led to the first direct evidence for electron
Landau damping in the solar wind19. In that work, the field-
particle correlation technique10,11,13,20 was applied to elec-
trons in the Earth’s magnetosheath using a data interval from
a Magnetospheric Multiscale (MMS) probe.
Another challenge that must be overcome in order to utilize
in situ observations, in addition to the need for high-resolution
in both time and velocity-space, is the inherent single-point
nature of spacecraft data. For many previous studies of wave-
particle interactions using single-point data, including the
CKH19 study and studies of simulated plasmas, this challenge
has successfully been addressed by using the field-particle
correlation technique. This technique using single-point ve-
locity distribution and electromagnetic field data to analyze
energy transfer in solar wind turbulence20.
Motivated by the identification of electron Landau damping
in the magnetosheath, we choose to further explore the nature
of this damping mechanism by modeling the turbulent magne-
tosheath plasma interval of CKH19 using the gyrokinetic code
AstroGK and applying the field-particle correlation technique
to the synthetic data we produce. This work is a first step
toward understanding the effects of the dispersive nature of
KAWs on electron energization by a resonant mechanism. By
furthering knowledge of the smallest-scale regions of the solar
wind turbulent cascade, we hope to inform big picture ques-
tions such as the identification of the physical mechanisms
responsible for the turbulent heating of particles in the helio-
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sphere.
In Sec. II, we briefly summarize the field-particle correla-
tion technique, which has been described in detail in previ-
ous works10,11,20. An overview of particle energization by the
dissipation of turbulence is given in Sec. III. The AstroGK
simulation setup and the synthetic magnetosheath plasma it
produced are described in Sec. IV, and Sec. V describes the
results of field-particle correlation technique analysis on this
data. In Sec. VI we discuss the similarities and differences be-
tween our result and the observational result of CKH19, spec-
ulate on the cause of discrepancies, and consider how current
and future work may contribute to a deeper understanding of
this topic.
II. THE FIELD-PARTICLE CORRELATION TECHNIQUE
The Maxwell-Boltzmann equations govern the dynamics
of the magnetized, weakly collisional, heliospheric plasma.
Maxwell’s equations describe the evolution of the fields,
and the Boltzmann equation describes the evolution of the
six-dimensional distribution function for a plasma species,
fs(r,v, t). On the timescale of the collisionless transfer of en-
ergy between the electromagnetic fields and the plasma par-
ticles, which governs the crucial first step in the dissipation
of turbulent energy3,21, the collisional term in the Boltzmann
equation is unimportant16,22. Therefore, for the purpose of un-
derstanding the electron energization, we set the collision op-
erator in the Boltzmann equation to zero, yielding the Vlasov
equation (in cgs units):
∂ fs
∂ t
+v ·∇ fs+ qsms
[
E+
v×B
c
]
· ∂ fs
∂v
= 0. (1)
We define a quantity called the phase-space energy density,
ws(r,v, t) =
msv2
2
fs(r,v, t), (2)
noting that the Vlasov equation multiplied by msv2/2 gives
the rate of change of this quantity:
∂ws
∂ t
=−v ·∇ws−qs v
2
2
E · ∂ fs
∂v
− qs
c
v2
2
(v×B) · ∂ fs
∂v
. (3)
If we integrate equation (3) over velocity-space, we see that
the third term on the right-hand side goes to zero after in-
tegrating by parts. Unsurprisingly, the magnetic field can-
not contribute to a net energy change as it does no work on
the particles. If we integrate over all volume, the first term
on the right-hand side also has a null contribution (for peri-
odic or infinite boundary conditions). Thus, the second term
must be responsible for any net energy changes the particles
experience10,20. This contributing term depends only on the
electric field and the velocity derivative of the distribution
function, both of which can be obtained from single-point
measurements at some point r0.
By correlating the single-point measurements of E and
∂ fs/∂v over a sufficiently long time interval τ , we obtain the
net rate of particle energization at r0. The parallel correlation
(note that it is the parallel component of the electric field, E‖,
that contributes to Landau damping) is:
CE‖(v, t,τ) =C
(
−qs
v2‖
2
∂ fs(r0,v, t)
∂v‖
,E‖(r0, t)
)
, (4)
where C is the unnormalized correlation defined by:
C(A,B) =
1
N
i+N−1
∑
j=i
A jB j . (5)
The above summation is essentially a time average over N
consecutive time steps, where we define the correlation inter-
val as τ =N∆t. The correlation interval is chosen to span sev-
eral Alfvén wave periods, such that the time average causes
large-scale oscillatory energy transfer to predominantly can-
cel out. Any small-scale secular energy transfer from fields
to particles that was previously obscured—often this secular
transfer of energy is an order of magnitude or more smaller
than the oscillatory transfer10—is then observable. In addi-
tion to uncovering the magnitude of the net energy transfer,
this technique preserves the velocity-space location of the en-
ergization, revealing a unique velocity-space signature for the
physical mechanism at work10,14,20. Landau damping, the
process of interest here, has been shown to produce a bipo-
lar signature in gyrotropic velocity-space (v‖,v⊥) that is con-
sistent with theory regarding wave-particle interactions due to
Landau damping.
III. PARTICLE ENERGIZATION BY DISSIPATION OF
TURBULENCE
A. Overview of Turbulent Particle Energization
The turbulent cascade in the solar wind is comprised of
three main regions: (i) the energy containing range, (ii) the
inertial range, and (iii) the dissipation range17,22–24. The en-
ergy containing range holds the largest turbulent structures on
length scales L& 106 km, scales so large that the fluctuations
have not had time to interact nonlinearly (and thereby con-
tribute to the turbulent cascade of energy) within the time it
has taken for the solar wind to travel from the Sun to the point
of observation (at ∼ 1 AU). At slightly smaller scales the in-
ertial range begins, in which the Alfvénic turbulent dynamics
are well modeled by reduced MHD3. The energy cascade in
this region, dominated by Alfvén waves, is self-similar and
scale-invariant in the manner of Komolgorov hydrodynamic
turbulence25, and follows an anisotropic power law spec-
trum either ∝ k−5/3⊥ (consistent with Goldreich and Schridar’s
1995 (GS95) analysis of anisotropic MHD turbulence)17,26
or ∝ k−3/2⊥ (consistent with Boldyrev’s 2006 theory for dy-
namic alignment within anisotropic MHD turbulence)27. This
anisotropic, Alfvénic cascade continues without dissipation
through the inertial range until it reaches perpendicular length
scales that are on the order of the ion gyroradius3, ρi, where
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the dissipation range begins. At these scales, the MHD fluid
approximation is no longer valid and the plasma must be mod-
eled kinetically3,17,21. In the dissipation range, the individual
ions, and later electrons, interact collisionlessly with the tur-
bulent structures and the cascade spectrum steepens due to
the dispersive nature of the plasma response at sub-ion scales
and as the particles remove energy from the turbulence and
generate non-thermal energy in their velocity distributions.
Ultimately, this non-thermal energy can be transferred via a
phase-space cascade to small scales in both configuration and
velocity-space, where arbitrarily weak collisions can thermal-
ize that energy, increasing the entropy and thereby irreversibly
heating the plasma species3,9,21.
In this work, we specifically focus on the energization of
electrons within the dissipation range. Due to the large ion-
to-electron temperature ratio in the MMS interval, Ti/Te = 9,
the scales corresponding to the electron gyroradius, k⊥ρe ∼ 1,
are in terms of the ion gyroradius approximately k⊥ρi ∼ 128.
Resolving this large separation of scales is extremely chal-
lenging for a kinetic simulation, so we choose to drive our
cascade well into the dissipation range at k⊥0ρi = 8. Based
on expectations from linear kinetic theory, the collisionless
damping rate remains small at ion scales ( γ/ω ≤ 10−2, see
Appendix A). Thus, we expect little of the turbulent energy
to be transferred to the ions, and essentially all of the turbu-
lent energy to cascade to sub-ion scales, be transferred to the
electrons by collisionless mechanisms, and ultimately lead to
electron heating. Therefore, we require a fully kinetic simu-
lation with high resolution in the dissipation range in order to
accurately model the MMS interval.
B. Field-Particle Correlation Analysis of Electron Landau
Damping
Electron Landau damping in a turbulent plasma has not pre-
viously been studied in detail by the field-particle correlation
technique. Though some important differences are expected
to exist between electron and ion Landau damping, the better-
studied example of ions gives important insight into what we
can expect for electrons. In ion Landau damping, one finds
a bipolar velocity-space signature of energization using the
field-particle correlation technique10,11,13,20.
The left hand column of Fig. 1 illustrates the physics behind
this bipolar signature. In panel (a), we present a Maxwellian
velocity distribution function of ions moving along the mean
magnetic field, fi(v‖). The resonant denominator in ki-
netic theory that governs the Landau resonance has the form
ω − k‖v‖ = 0, so ions with parallel velocities near the phase
velocity of the Alfvén wave, v‖ ' ω/k‖, will interact reso-
nantly with the Alfvén wave at this phase velocity. Note that
we adopt the convention that ω > 0, so that the sign of k‖
determines the direction of propagation of the Alfvén wave:
ω/k‖ > 0 corresponds to an Alfvén wave propagating up the
magnetic field, and ω/k‖ < 0 to one propagating down the
field. Therefore, the Alfvén wave in Fig. 1(a) is propagating
up the field, and interacts resonantly with ions moving in the
same direction with v‖ > 0.
The net effect of this resonant interaction, as shown in
Fig. 1(b), is that ions initially moving at velocities slightly
greater than the phase velocity, v‖ > ω/k‖, will lose energy to
the wave; those initially moving at velocities slightly lower
than the phase velocity, v‖ < ω/k‖, will gain energy from
it. If the slope of the distribution function is negative at the
resonance, the number of particles initially moving slower
than the resonant velocity is greater than the number ini-
tially moving faster, resulting in a net loss of particles with
v‖ < ω/k‖ and a net gain of particles with v‖ > ω/k‖. Ef-
fectively, Landau damping results in a quasilinear flattening
of the ion distribution function at the resonant velocity, as
shown in panel (b). This perturbation to the velocity dis-
tribution leads to an overall increase in phase-space energy
density, w(v‖) = mv2‖ fi(v‖)/2, because of its weighting by v
2
‖.
The corresponding rate of change of phase-space energy den-
sity as a function of v‖, determined by computing the reduced
parallel field-particle correlation CE‖(v‖), yields the charac-
teristic bipolar velocity-space signature of ion Landau damp-
ing, shown in panel (c): a loss of phase-space energy density
just below the resonance at v‖ ' ω/k‖, and a gain of phase-
space energy density just above this resonance. The velocity-
space signature is a visual representation of the gain and loss
of energy in phase-space, and its quantitative and qualitative
characteristics enable one to distinguish different processes of
particle energization11–14.
For ions, both MHD and kinetic Alfvén waves are rela-
tively nondispersive over the narrow range of k⊥ρi at which
the ion damping rate is significant. Therefore, a single bipolar
velocity-space signature of Landau damping is typically the
only feature observed in the ion correlation11–14, as illustrated
in panel (c). For electrons, however, KAWs are dispersive, re-
sulting in a range of phase velocities over which the electrons
may be energized by waves with different values of k⊥ρi (see
Appendix A). Therefore, the dispersive nature of these KAWs
raises an important question: What velocity-space signature
will the field-particle correlation technique produce for elec-
tron energization by Landau damping in a plasma exhibiting
a broadband turbulent cascade?
Fundamentally, the physical process of electron Landau
damping is exactly analogous to ion Landau damping; how-
ever, the dispersive nature of the KAWs may result in multiple
wave modes interacting simultaneously with the plasma par-
ticles at various resonant velocities. In Fig. 1(d)-(f), we illus-
trate a possible scenario and outcome of the phase-space sig-
nature for dispersive KAWs. At the top, we see a Maxwellian
electron velocity distribution and the phase velocities vp1 , vp2 ,
and vp3 of three linearly superposed KAWs with different per-
pendicular scales k⊥ρi > 1. At each of these resonant veloci-
ties electron Landau damping may occur, exactly analogous to
panel (b), resulting in three phase-space correlation signatures
with each centered around its respective resonance, shown in
panel (e). All three waves in this example alter the phase-
space energy density simultaneously at the spatial point of ob-
servation. One possibility for the resulting signature, Call(v‖),
is a simple superposition of all individual signatures, yielding
a broadened bipolar signature as shown in panel (f). For the
typically monotonically decreasing magnetic energy spectrum
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FIG. 1. (Left) Illustration of ion Landau damping: (a) a Maxwellian
ion velocity distribution function and Alfvén wave phase velocity,
ω/k‖; (b) velocity distribution changes due to Ion Landau damping
of the Alfvén wave; (c) resulting phase-space signature of the corre-
lation, C(v‖), after field-particle correlation analysis. (Right) Specu-
lative illustration of electron Landau damping by dispersive KAWs:
(d) a Maxwellian electron velocity distribution and three KAWs of
varying phase velocity; (e) the individual field-particle correlation
signatures; (f) a possible resultant signature superposition.
in the dissipation range of solar wind turbulence, however, one
may need to weigh each of these predicted overlapping bipolar
signatures by the amplitude of the fluctuations at perpendicu-
lar wavenumber k⊥ρi as well as the damping rate of KAWs at
that wavenumber. Futhermore, KAWs of different k⊥ρi may
pass through the point of observation at different times, lead-
ing to a much more complicated structure in CE‖(v‖) than the
simple broadened signature shown in Fig. 1(f).
A key goal of this work is to determine numerically the
qualitative appearance of the velocity-space signature of elec-
tron Landau damping in a turbulent plasma. Specifically, we
choose to tackle this goal using a gyrokinetic simulation of
kinetic-scale turbulence corresponding to the interval of MMS
magnetosheath turbulence studied in CKH19.
IV. SIMULATION SETUP
A. AstroGK Parameters
The turbulence and plasma parameters corresponding to
the 70 s MMS interval used in CKH19 were simulated us-
ing the Astrophysical Gyrokinetics Code (AstroGK)28, which
has had a successful history of modeling astrophysical plas-
mas since its development a decade ago29–31. Gyrokinetics
is a limit of kinetic plasma theory that is relevant when three
conditions are fulfilled: (i) weak coupling, n0eλ 3De  1, (ii)
strong magnetization, ρi =
vthi
Ωi  L, where L is the length
scale of gradients in the plasma equilibrium, and (iii) low fre-
quencies, ω  Ωi3,8. For the low-frequency, Alfvénic tur-
bulence observed in many heliospheric environments, these
limits are typically satisfied15. The low-frequency limit en-
ables all quantities to be averaged over the gyromotion of the
particles, which effectively reduces the phase-space from six
to five dimensions: three in space and two in velocity. The
velocity dimensions are usefully described in relation to the
mean magnetic field (note that we align our coordinates such
that B0 = B0zˆ): v‖ describes particle motion along B0, and v⊥
describes the perpendicular motion.
In physical space, the simulated plasma occupies a rect-
angular box, elongated in the direction of the mean mag-
netic field, L‖  L⊥, to accommodate the anisotropic nature
of the strong turbulent cascade, with fluctuations that satisfy
k⊥  k‖26,32,33 . Twenty-four probe points are distributed
throughout the box, sixteen in the xy-plane at z = 0, and the
remaining eight along the z-axis, as illustrated in Fig.2. Note
that due to an error in the diagnostic outputs of this particular
simulation, the xy-positions of all twenty-four probe points
have been shifted from their intended locations by a factor of
1/8. It is important to note that the integrity of the simula-
tion itself was not affected, and that single-point field-particle
correlations are unhindered. The simulation volume that we
are able to probe is simply reduced in two of its intended di-
mensions, but our results still provide meaningful insight into
electron Landau damping in the region probed.
The plasma parameters of this simulation are chosen to
match the MMS observation: ion plasma beta βi = v2ti/v2A =
0.8, ion-to-electron temperature ratio Ti/Te = 9, and a re-
alistic proton-to-electron mass ratio mi/me = 1836. The
dimensions of the simulation are (nx,ny,nz,nλ ,nε ,ns) =
(64,64,32,128,32,2), where we note that pitch angle and en-
ergy are given by λ = v2⊥/v
2 and ε = v2⊥+ v
2
‖, respectively.
The spatial domain of the simulation is an elongated box of
dimension L2⊥× L‖, with periodic boundary conditions. We
set the relationship between the simulation box size and the
driving scale wavenumbers to be k⊥0 = 2pi/L⊥, k‖0 = 2pi/L‖.
In dimensionless units, where the perpendicular wavenumber
is normalized by particle Larmor radius, k⊥ρi is fully resolved
over the range 8≤ k⊥ρi≤ 168, or k⊥ρe over the range 0.062≤
k⊥ρe ≤ 1.31. This range of resolved wave modes satisfies our
goal of simulating the kinetic Alfvén wave cascade and its dis-
sipation onto the electrons. The complex frequency of KAWs
at the domain scale k⊥0ρi = 8 is (ω0,γ0) = (4.996,−0.257),
where the bar indicates normalization by the Alfvén veloc-
ity, ω0 = ω/k‖0vA . We define the period of domain scale
waves as T0 = 2pi/ω0. Ion and electron collisionalities are set
to νi = νe = 8.94× 10−3k‖vA, leading to weakly collisional
conditions.
B. Global Evolution
We inject energy into the turbulent cascade by driving
four perpendicularly polarized, counterpropagating KAWs at
k⊥0ρi = 8 using an oscillating Langevin antenna34 with real
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FIG. 2. Illustration of the simulation box, indicating the orientation
with respect to zˆ and the intended distribution of the 24 probes.
frequency ωant = 4.5 and decorrelation rate γant =−3.0. The
amplitude of the driven waves is set to obtain a strongly tur-
bulent, critically balanced cascade. This technique models
energy injection at the domain scale due to nonlinear inter-
actions among turbulent fluctuations slightly larger than the
simulation domain that transfer their energy nonlinearly to
smaller scales. This driving method results in a steady state,
strong turbulent cascade by simulation time t/T0 = 0.3494,
consistent with earlier simulations of kinetic Alfvén wave
turbulence35. The turbulence remains in steady state until we
end the simulation at t/T0 = 8.5834. To ensure that we are
analyzing only fully-developed turbulence, we restrict our in-
terval to t/T0 = [0.4208,8.5834]. Note that this time interval
spans 8.16 outer-scale kinetic Alfvén waves periods (corre-
sponding to k⊥0ρi = 8); 27.74 wave periods at the smallest
fully resolved scales (k⊥ρi = 168); and 32.67 of the highest
frequency KAWs (k⊥ρi = 70.85). The number of wave peri-
ods spanned by the time range for a given k⊥ρi is found via:
n =
∆t/T0
ω0/ω(k⊥ρi)
, (6)
where ∆ t/T0 is the full interval, and ω(k⊥ρi) is determined
using the dispersion relation in Appendix A.
In Fig. 3, we plot boxcar averages of the energy injected
by the antenna Pant (magenta) and the rate of change of en-
ergy contained in the plasma dW /dt (blue), using an averag-
ing window of 0.5 t/T0. The collisional electron heating Qe
(red) and collisional ion heating Qi (green) are also plotted,
along with the balance between all four components (black).
From tracking these quantities, we note that the change in ion
energy is negligible, indicating that the electrons are indeed
the species of interest as expected for k⊥ρi 1. Second, we
observe that the electrons begin to gain energy significantly
after t/T0 ≈ 0.35, consistent with the time of saturation of
the steady state turbulent energy spectrum. The sum of these
rates of change of energy (black) has a systematic offset from
zero, which is likely the result of numerical inaccuracies in
computing the collisional heating due to the low collisionality
chosen in order to avoid smearing of the velocity-space sig-
natures sought in this project. Overall, when considering only
the data in the fully saturated interval (t/T0 ≥ 0.4208), we find
that the average energy conservation rate is 91.53%.
FIG. 3. Power balance within the AstroGK MMS simulation as a
function of time, t/T0. The boxcar average of the antenna and plasma
energies Pant and dW /dt are given, where the boxcar window size
is dt = 0.5 t/T0. The changes in particle heating are plotted with no
averaging (Qe, Qi). The sum of all four values is the energy balance.
In addition to the energy balance over time, one can also
plot the magnetic energy spectrum as a function of perpen-
dicular wavenumber. We obtain a power law spectrum of
EB⊥(k⊥), shown in Fig. 4, as expected for a fully-developed,
strong turbulent cascade. Averaging over the full simulation
time at steady state, 0.4208≤ t/T0≤ 8.5834, we plot the mean
turbulent magnetic energy (thick black line) at each resolved
value of k⊥ρi in the simulation, the standard deviation (thin
black lines), and the full range of the instantaneous spectrum
over time (light gray). Owing to the nature of the oscillat-
ing Langevin input antenna, the spectrum amplitude oscillates
over about an order of magnitude, but maintains a strikingly
steady shape and slope during these amplitude fluctuations.
We compare the resulting magnetic energy spectrum from
the simulation to that from the MMS observations (blue) in
Fig. 4. We use the Taylor hypothesis43,44 to convert from a
frequency spectrum to a perpendicular wavenumber spectrum
using the approximate conversion formula k⊥ρi ' 2pi fρi/vsw,
where the f is the linear frequency in Hz, the thermal ion Lar-
mor radius is ρi = 57.5 km, and the magnetosheath plasma
flow relative to the spacecraft is vsw = 180 km/s. The obser-
vations are from the 70 s interval measured by MMS3 on 16
October 2015 09:24:11–09:25:21; more analysis of this par-
ticular interval of magnetosheath turbulence can be found in
previous works19,47. Note that, over the range of wavenum-
bers, 17 . k⊥ρi . 70, where electron Landau damping is
expected to mediate the energization of electrons at the ex-
pense of turbulent energy (see Appendix A), we have excel-
lent agreement of the spectral slope between the simulations
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FIG. 4. Magnetic energy spectrum of the AstroGK MMS simulation
as a function of perpendicular wavenumber k⊥ρi, plotted at all out-
put times after saturation (t/T0 ≥ 0.4208) (light gray). The average
spectrum (after saturation) is plotted in black, and reference power
law slopes in dashed red. We compare the energy spectrum directly
to the magnetic energy spectrum from the MMS observations (blue).
and observations.
The upper dashed line marks a power law slope ∝
k−2.8⊥ , which has previously been observed in the dissipa-
tion range using both kinetic simulations2,30,31 and in situ
observations33,36–38. The spectrum that we find in the dis-
sipation range matches more closely with the lower dashed
line, a slightly steeper power law ∝ k−3.2⊥ , which is closer to
the spectral slope observed in the MMS interval19. In the sim-
ulation, the roll off of the spectrum at large k⊥ρi indicates
that energy is being taken out of the driven system due to
a damping mechanism, which produces a steady state spec-
trum rather than an unphysical energy ‘pile-up’ at the small-
est scales. Note that above k⊥ρi = 168, the steepening of the
previously constant slope is a numerical effect rather than a
physical one, as we are no longer fully resolving wave vectors
at all angles about the magnetic field beyond k⊥ρi = 168.
These analyses give us confidence that there is a well-
developed, steady state turbulent cascade in the dissipation
range throughout the duration of the simulated MMS data, and
indicate that energy is indeed being dissipated via some mech-
anism and secularly transferred to the electrons.
C. Spatial Distribution of Electron Energization
The above analyses indicate that we will see net energiza-
tion of electrons within the simulation. As discussed in Sec.
II, this secular energy transfer to the electrons can be traced
to the electric field term in the expression for the time rate of
change of the phase-space energy density, we(r,v, t). For the
Landau resonance, this energization is mediated by the paral-
lel electric field interacting with the parallel velocity deriva-
tive of the distribution function. Since turbulence is, by na-
ture, intermittent in space and time, we analyze the spatial
distribution of the electron energization within the simulation
box before turning to the field-particle correlation analysis.
It can be shown that the change in total kinetic energy
of a plasma species Ws =
∫
dr
∫
dvmsv2 fs(r,v, t) is given by
dWs/dt =
∫
d3r js ·E10,11, where dWs/dt is the rate of change
of the phase-space energy density for species s (from Sec.
II) integrated over all of phase space. Therefore, by plotting
the rate of electromagnetic work, js ·E, across the simulation
space, we indicate the locations where net energy exchange
is likely to be occurring, and whether the overall transfer is
net positive or negative in the simulation domain. Note that
for the anisotropic Alfvénic turbulence modeled in this simu-
lation, the total js ·E is dominated by its parallel contribution
j‖sE‖. Furthermore, at the small scales k⊥ρi 1 modeled in
this simulation, the parallel current is dominated by the elec-
tron motion, j‖ ' j‖e, so we focus here on plots of j‖, E‖, and
their product over the simulation domain.
Each panel of Fig. 5 is a cross-section of the x-y plane of the
simulation box at z = 0, and the data (in the first three panels)
are taken from the same simulation output time, t/T0 = 2.53.
The upper left panel, j‖, shows the current parallel to the mean
magnetic field (B0), overlaid with contours of the parallel vec-
tor potential. Though some small-scale structures are visible
in j‖, the snapshot of parallel current and vector potential is
dominated by structures on the order of the simulation size,
L⊥, which corresponds to Alfvén waves at the driving scale,
k⊥0 = 2pi/L⊥. The upper right panel shows a snapshot of the
parallel electric field, E‖, where the structures are again on the
order of the driving mode.
In the two bottom panels, we plot the parallel contribu-
tion to the electromagnetic work. On the left is a snapshot
of j‖E‖ at t/T0 = 2.53, which is also dominated by driving-
scale structures that have little effect on the secular electron
energization. After correlating over a sufficiently long time
interval, however, the large scale wave modes average out to
reveal small amplitude structure in the higher-order modes of
the dissipation range. This is shown on the right, where we
plot 〈 j‖E‖〉τ , averaged over a time interval τ/T0 = 4 centered
on the same snapshot time as the other three panels. Note
that in 〈 j‖E‖〉τ , the dominant structures have indeed become
much smaller than the driving scale, and that the amplitudes
of the snapshot and time-averaged electromagnetic work dif-
fer by a factor of 30. This large discrepancy in amplitudes is
what we would expect if the net energization is dominated by
scales much smaller than the driving scale of the turbulence
and there is a steep magnetic energy spectrum, such as that
shown in Fig. 4.
When the instantaneous current, electric field, and electro-
magnetic work in the first three panels are plotted over the
duration of the simulation, we observe that they oscillate in
time. By comparison, however, the correlated electromagnetic
work shows marked temporal consistency, indicating that at
the smallest scales, the particles in the simulation are able to
experience secular, rather than oscillatory, transfers of energy.
Additionally, we note that 〈 j‖E‖〉τ is largely positive across
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FIG. 5. Simulation data in a cross-section of the simulation box at
z = 0 and time t/T0 = 2.53: the parallel current ( j‖), overlaid with
contours of A‖ (solid: +ve; dashed: -ve); the parallel electric field E‖;
the instantaneous electromagnetic work j‖, E‖, and the electromag-
netic work time-averaged over four outer-scale Alfvén wave periods
τ/T0 = 4 centered at time t/T0 = 2.53, 〈 j‖E‖〉τ .
the z= 0 plane throughout the simulation, indicating net posi-
tive work being done by the fields on the electrons, on average
over the spatial domain.
V. FIELD-PARTICLE CORRELATION ANALYSIS
A. Gyrotropic Velocity-Space Signatures
Next, we turn to a field-particle correlation analysis of the
electron energization, hoping to uncover similarities to our
motivating observational MMS interval and to gain new in-
sight into electron Landau damping in the heliosphere. All
twenty-four probe points in the simulation box were analyzed
using this technique, and for the purposes of this work we se-
lect probes 5, 10, 13, and 15 from the z= 0 plane as examples
of points where the electromagnetic work by E‖ on the elec-
trons is largely positive throughout the duration of the interval.
This choice is motivated by the findings in Sec. IV, where the
time-averaged electromagnetic work 〈 j‖E‖〉τ was found to be
largely positive in the z = 0 plane. We apply the field-particle
correlation method to the single-point data of E‖ and ∂ fe/∂v‖
at the probes, as described in Sec. II, again choosing an in-
terval corresponding to four outer-scale Alfvén wave periods.
The resulting correlation, CE‖(v, t/T0), is essentially a sliding
time-average over the correlation interval, τ/T0 = 4, which
we plot in gyrotropic velocity space (v‖, v⊥) for a snapshot
in time. In Fig. 6, we plot the gyrotropic correlation for our
selected probes at t/T0 = 2.53, where we label the time of the
snapshot by the time at the center of the correlation interval.
In these gyrotropic plots, at various points along the v‖ axis
we see the bipolar heating signatures characteristic of Landau
damping (Sec. III). Ion Landau damping results in gyrotropic
velocity-space plots dominated by a single bipolar signature11
due to the relatively nondispersive nature of KAWs at the ion
scales (as discussed in Sec. III B and seen in the linear dis-
persion relation plot in Fig. 9), but Fig. 6 shows energiza-
tion patterns that are more ‘cluttered.’ There is a combination
of apparently unpatterned energization along with the typical
bipolar signatures at different parallel velocities. Often, we
observe multiple bipolar signatures in a single gyrotropic plot,
consistent with our expectations for simultaneous damping of
various dispersive KAW modes with different values of k⊥ρi
and therefore different parallel phase velocities ω/k‖.
In Fig. 6, the vertical dashed lines on top of the correla-
tion CE‖,e(v‖,v⊥) indicate the range of resonant parallel ve-
locities we expect to be significant in electron Landau damp-
ing, 0.79 ≤ |v‖/vt,e| ≤ 1.6. In each of the four plots, the
most prominent bipolar signatures are indicated by arrows
and a vertical dotted line through the resonant velocity, la-
beled with the magnitude of the parallel electron velocity
v‖/vt,e = ω/k‖vt,e. For probe 5, the prominent signature is
at v‖/vt,e = −1.4, indicating damping of a KAW propagat-
ing down the magnetic field. For probe 10, we mark promi-
nent signatures from two different wavemodes propagating up
the magnetic field, at v‖/vt,e = 0.8 and 1.4. We see bipo-
lar signatures for both positive and negative wave modes in
probe 13, at v‖/vt,e = −1.55, 0.9, and 1.6. This is also ob-
served for probe 15, where the damping occurs symmetrically
at v‖/vt,e =±1.1.
B. Behavior of the Velocity-Space Signatures in Time
The gyrotropic plots of CE‖,e(v‖,v⊥) show the rate of
change of phase-space energy density at a single point in
time (averaged over the correlation interval τ). Knowing
the intermittent nature of turbulence in time and space39–42,
we must then ask whether these energization signatures are
persistent in time. To answer this, we integrate the gy-
rotropic field-particle correlation over v⊥ to obtain the re-
duced parallel field-particle correlation at each point in time,
CE‖,e(v‖, t)
∫
dv⊥CE‖,e(v‖,v⊥, t). Note that the reduced paral-
lel field-particle correlations CE‖,e(v‖) are computed at each
centered time t as our correlation interval τ slides over the full
simulation duration, and the resulting one-dimensional cor-
relations are ‘stacked’ in time to construct timestack plots of
CE‖,e(v‖, t), shown in Fig. 7.
Each of the four panels in Fig. 7 presents a compos-
ite plot: the center shows a contour plot of the timestack
CE‖,e(v‖, t); the left subplot presents the rate of change of
spatial energy density over time by integrating over paral-
lel velocity, ∂We/∂ t =
∫
dv‖CE‖,e(v‖, t); and the lower sub-
plot presents the time-integrated parallel velocity-space signa-
ture, CE‖,e(v‖) =
∫
dtCE‖,e(v‖, t). These time-integrated par-
allel velocity-space signatures may obscure some relatively
small magnitude, short duration energizations, but they nicely
give an overall picture of the locations in v‖/vt,e where the
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FIG. 6. The gyrotropic field-particle correlation CE‖,e(v‖,v⊥) for electrons at selected MMS simulation probes using a correlation interval of
τ/T0 = 4 centered at time t/T0 = 2.53. Dashed lines represent the range of resonant velocities expected to be important for Landau damping
of dispersive kinetic Alfvén waves in the dissipation range: 0.79≤ |v‖/vt,e| ≤ 1.6. Bipolar signatures indicating electron Landau damping at
v‖/vt,e = ω/k‖vt,e are marked with dotted lines and arrows.
most significant resonances are located. The locations of the
bipolar resonances in the contour plot appear clearly as zero-
crossings in the time-integrated plots, where positive slope for
v‖/vt,e > 0, or negative slopes for v‖/vt,e < 0, are characteris-
tic signatures of Landau damping.
The velocity-integrated plots, as explained in Sec. III, yield
the change in total spatial energy density of the electrons,
dWe/dt. As expected, for each the four highlighted probes,
this change in the electron energy is consistently positive
throughout the simulation, indicating transfer of net energy
to the electrons. It is important to note that dWe/dt was not
consistently positive for all probe points; however, for the ma-
jority (thirteen out of twenty-four probes) the total change in
energy was positive throughout the entire simulation interval,
and it was consistently negative for none.
An interesting feature brought to light in the timestack plots
is the appearance of bipolar signatures of electron Landau
damping at different parallel velocities, v‖/vt,e, apparently
corresponding to KAWs with different values of k⊥ρi, yield-
ing different parallel phase velocities, ω/k‖vte, due to the dis-
persive nature of KAWs in this regime. Some signatures ap-
pear to fade in and out of significance with time, and oth-
ers that are nearby in velocity-space seem to couple together
to form a superposed signature in the time-integrated parallel
correlation CE‖,e(v‖), as in the theoretical example discussed
in Sec. III B. Below, we point out some of the most prominent
features that we observe for these four example probes.
The time of the gyrotropic plots in Fig. 6, at t/T0 = 2.53,
is marked in Fig. 7 with a horizontal dashed line across the
contour plots. If we compare this line in the timestack plot
of probe 5 with its gyrotropic counterpart, we find that the
resonance at v‖/vt,e = −1.4 is clearly visible in both plot
types, and from the timestack plot we see that it persists until
the end of the simulation. Additionally, the ‘cluttered’ ener-
gization at v‖ > 0 in the gyrotropic plot has been condensed
by the v⊥-integration into a faint signature roughly centered
on the lower bound of the range of significant resonances at
t/T0 = 2.53. This could be an artifact of how the disordered
energization pattern at v‖> 0 in the gyrotropic plane happened
to sum together under the v⊥-integration; however, since the
timestack shows that the region of phase-space just above
v‖ = 0.79 experiences persistent heating throughout the simu-
lation, it seems credible that at t/T0 = 2.53, a small-amplitude
signature has begun to develop at v‖/vt,e = 0.79, but is ob-
scured at that time in the gyrotropic plane either by its faint-
ness or other overlapping resonances. These two resonances
(v‖/vt,e =−1.4 and 0.79) are also visible as zero-crossings in
the time-integrated correlation of probe 5, along with a weaker
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FIG. 7. Timestack plots of the reduced parallel field-particle correlation CE‖,e(v‖, t) for electrons at selected MMS simulation probe points in
the z = 0 plane, where vertical dashed lines show the expected range of parallel resonant velocities v‖/vt,e = ω/k‖vt,e. Note the persistence of
many resonant signatures across long stretches of simulation time. The left subplots present the persistently positive rate of change of spatial
energy density found by integrating over parallel velocity, ∂We/∂ t =
∫
dv‖CE‖,e(v‖, t), and the lower subplots present the time-integrated
parallel velocity-space signature, CE‖,e(v‖) =
∫
dtCE‖,e(v‖, t).
resonant signature around v‖/vt,e =−0.9, and another outside
the expected range at roughly v‖/vt,e =−0.5.
For probe 10, we see that both of the positive parallel ve-
locity signatures that are visible in the gyrotropic snapshot
(v‖/vt,e = 0.8 and 1.4) are persistent throughout the simula-
tion. The timestack plot also indicates that a faint signature
may exist at v‖/vt,e =−0.8 at the time center of t/T0 = 2.53,
though it is not easily identifiable in the gyrotropic plot. Also
note that after about t/T0 = 3.1, we see another signature de-
velop around v‖/vt,e =−1.2.
In the plots of probe 13, the resonance at v‖/vt,e = 1.6
that was prominent in the gyrotropic plot is observed to fade
in significance with time, and is replaced by a signature at
v‖/vt,e = 1.4. It is interesting to note that, in the time-
integrated correlation for probe 13, these two signatures blend
into a single broadened peak, with a zero-crossing at ∼ 1.4.
This example indicates how kinetic Alfvén waves in the dis-
persive range may have overlapping velocity-space signatures
that lead to a broader combined signature, as was theoretically
illustrated in Fig. 1. The resonance at v‖/vt,e = 0.9 seen in the
gyrotropic plot also appears to ‘drift’ to higher velocities in
the timestack, possibly as damping of a higher phase-velocity
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Alfvén wave becomes dominant. The signature we observed
at v‖/vt,e =−1.55 quickly fades with time.
Finally, the timestack plot of probe 15 shows that the
set of symmetric signatures visible in the gyrotropic plot,
at v‖/vt,e = ±1.1, have very different behaviors with time.
The energization signature at the negative phase-velocity res-
onance is faint and quickly fades as the simulation progresses,
while the signature at the positive phase-velocity resonance
persists throughout the simulation.
Together, all of these results indicate the much more com-
plicated behavior of electron Landau damping compared to
the behavior of ion Landau damping, due to the energy trans-
fer being dominated by KAWs with different values of k⊥ρi,
and thus different parallel resonant phase velocities ω/k‖.
The resulting velocity-space signatures of the electron Lan-
dau damping are consequently a complicated superposition
of these different resonant energy transfers, yielding reduced
parallel correlations of widely varying qualitative appearance
from case to case, as seen in the four time-integrated plots of
CE‖,e(v‖) shown in Fig. 7.
C. Long-Time Average of CE‖,e(v‖)
One advantage of numerical data over spacecraft data is the
ability to probe multiple single-point locations with one sim-
ulation. However, a distinct disadvantage is the limited feasi-
ble duration of the simulation due to computational cost. Ob-
servational data typically represent a single spatial point per
instrument, but have an abundance of time. This MMS sim-
ulation, though long duration for a high-resolution synthetic
plasma, only spans 8.16 driving-scale kinetic Alfvén wave pe-
riods at wavenumber k⊥0ρi = 8. The observational MMS in-
terval used in CKH19, by contrast, encompasses 280 Alfvén
cycles of the same frequency. This is found by assuming
the validity of the Taylor hypothesis, which yields that wave
modes at k⊥0ρi = 8 in the simulation correspond to waves at
a frequency of about 4 Hz in the spacecraft frame19,43,44.
In CKH19, the authors find that when the field-particle cor-
related data are time-averaged over the full 70 s interval (sim-
ilar to the process used to generate the lower panels in Fig. 7),
a signature consistent with Landau damping emerges with two
clear zero-crossings near the electron thermal speed for pos-
itive and negative propagating waves19. A qualitative com-
parison between the CKH19 result and a similar result from
this simulation would be useful, yet the length of time over
which any of the simulated single-point correlations can be
integrated differs from the CKH19 time interval by a factor of
∼ 35. However, we can utilize the multiple single-point loca-
tions to our advantage and effectively extend our time interval.
To do this, we assume that our probe points are sufficiently
removed from each other in physical space so as to make the
turbulent fields at each point essentially independent. Such an
assumption is supported by the intermittent nature of turbu-
lent dissipation, where the rate of plasma energization varies
on small scales in the directions perpendicular to the local
mean magnetic field13,45. Under this assumption, we average
the twenty-four individual time-integrated correlations to pro-
FIG. 8. Average of the time-integrated CE‖,e(v‖) correlations
from all twenty-four simulation probe points, where the effective
time-integration is over an interval spanning 196 KAW modes at
k⊥0ρi = 8. Vertical dashed lines indicate the expected range of reso-
nant parallel velocities, 0.79≤ |v‖/vt,e| ≤ 1.6.
duce a single plot of an effective simulation extending over
approximately 8.16× 24 = 196 outer-scale Alfvén wave pe-
riods, reducing the time discrepancy between the simulated
and observational intervals from a factor of ∼ 35 to a factor
of ∼ 1.4. The result of this integration is shown in Fig. 8.
In the next section, we discuss the direct comparison of our
numerical results to the MMS observational results19.
VI. DISCUSSION
A. Gyrotropic Velocity-Space Signatures
Figure 1(c) of CKH19 presents a gyrotropic plot of
the alternative field-particle correlation C′E‖,e(v‖,v⊥) =
qev‖ fe(v‖,v⊥)E‖. The relation between the standard corre-
lation used in this study, CE‖,e, and the alternative correlation,
C′E‖,e, presented there is given by:
CE‖,e(v‖,v⊥) =−
v‖
2
∂C′E‖,e(v‖,v⊥)
∂v‖
+
C′E‖,e(v‖,v⊥)
2
. (7)
In practice, the zero-crossings in v‖ of the standard correlation
correspond roughly to maxima or minima in v‖ in the alterna-
tive correlation. Specifically, the positive peaks in v‖ of C′E‖,e
would correspond to the bipolar zero-crossings from negative
to positive in CE‖,e that indicate energization of electrons by
Landau damping.
Qualitatively, the gyrotropic plot of C′E‖,e(v‖,v⊥) shown
in Figure 1(c) of CKH19 shows clear signatures (peaks in
C′E‖,e) indicative of Landau damping, with two symmetrically-
located peaks just above the positive and negative electron
thermal velocity. Overall, the velocity-space signature of C′E‖,e
is very smooth in appearance in the observations, with the cor-
responding symmetric zero-crossings in the standard correla-
tion CE‖,e at v‖/vt,e = ±1.2, as shown in Fig 2(c) of CKH19.
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The gyrotropic plots of Fig. 6 from the simulation indeed
show bipolar signatures in CE‖,e(v‖,v⊥), indicated by the ver-
tical dotted lines, but their qualitative appearance and quan-
titative location vary widely from point to point. In addition
to the clear bipolar signatures visible within the range of res-
onant parallel velocities, 0.79 ≤ |v‖/vt,e| ≤ 1.6, also seen in
our simulation results is a variety of fainter ‘clutter’: perhaps
comprised of the signatures of faint Landau damping either
just developing or fading out, or of small-scale oscillatory en-
ergization that was not averaged out over the correlation inter-
val τ along with the large-scale oscillations.
Several factors may contribute to the salient qualitative dif-
ferences between the results of the CKH19 observation and
our simulation. First, although the MMS spacecraft veloc-
ity distribution measurements have the highest resolution of
any operating mission, the velocity-space of our simulation
has even higher resolution. The simulation has a polar grid
of nε × nλ = 32× 128 = 4096 velocity grid points in 2V gy-
rotropic velocity space (v‖,v⊥) over the range −3≤ v‖/vt,e ≤
3 and 0 ≤ v⊥/vt,e ≤ 3. The electron measurements of the
Dual Electron Spectrometer (DES) instrument on MMS em-
ploy nE × nθ × nφ = 32× 16× 32 = 16834 velocity-space
measurements in full 3V velocity space46 over a possibly
much larger range of velocities, minimally 0.5 ≤ v/vt,e ≤ 6.
A rough estimate, accounting for the different dimensionali-
ties of these grids, is that the simulation velocity-space res-
olution is at least a factor of 4 better than the resolution of
the observation. If features exist in each dataset between this
gap in resolution, they would appear distinctly in the simu-
lated velocity-space but could lead to some averaging in the
correlation of the observational result, potentially yielding a
single, broad signature without small-scale features. Future
work will attempt to quantify how the difference in velocity-
space resolution leads to qualitative differences between the
observational and numerical velocity-space signatures of the
electron energization.
Another difference could be due to smearing of the obser-
vational signature in (v‖,v⊥) space due to fluctuations in the
direction of the magnetic field over the measurement interval.
The MMS interval used in CKH19 was chosen because it has
a relative steady, constant magnitude magnetic field, as can be
seen in Fig. 1 of Chen and Bolyrev (2017)47. However, there
are fluctuations in the direction of the magnetic field, and the
projection of measurements onto a magnetic field-aligned co-
ordinate system in CKH19 uses only the mean magnetic field
direction averaged over the full 70 s interval. Thus, changes
in the direction of the instantaneous magnetic field relative
to the fixed (v‖,v⊥) coordinate system could lead to some
smearing out of the structures in C′E‖,e(v‖,v⊥). The AstroGK
simulation, in contrast, employs a gyrotropic velocity space
(v‖,v⊥) coordinate system that is always aligned with the lo-
cal magnetic field direction, enabling much finer structure to
be resolved in the field-particle correlations. Such an effect
of fluctuations in the instantaneous magnetic field direction
leading to broadening of the resulting velocity-space signa-
tures has indeed been found numerically in an analysis of ion
Landau damping signatures in a hybrid Vlasov-Maxwell sim-
ulation of ion-cyclotron turbulence using the HVM code48, in
which the velocity-space coordinate system does not follow
the magnetic field14.
B. Timestack Plots and Long-time Average of CE‖,e(v‖)
The observational signature of electron Landau damping
was found to be persistent throughout the entire 70 s MMS
data interval when the correlation was applied to a set of
10 equal-time subintervals19. In the simulation, we find ex-
amples of both persistent signatures and transient signatures,
as shown in Fig. 7. Each of the twenty-four probe points
showed evidence of at least transient signatures, and sixteen
of the total contained at least one long-duration coherent sig-
nature for a minimum of approximately 3/4 of the simula-
tion time. Of those sixteen, five contained at least one sig-
nature that persisted throughout the entire simulation inter-
val. This type of spatial variation is to be expected in kinetic
turbulence2,13. Furthermore, the same sliding time-average
window of τ/T0 = 4 driving-scale Alfvén waves was used in
the timestack correlations of the simulation, which is again a
much smaller correlation interval than what was used in the
analogous plot in CKH19 (Fig 2(b) of that work), which cor-
responds to 28 wave periods at our domain scale. It is possible
that many transient features that may otherwise have been vis-
ible would be obscured by such a long interval, leaving only
the dominant signature about the electron thermal velocity to
be observed.
Another notable difference between our simulations and the
observations is the lack of symmetric velocity-space signa-
tures about v‖ = 0 in our simulation results. We do observe
at least one instance of a symmetric pair of signatures (probe
15); however, it is not a ubiquitous scenario, at least under
these averaging and sampling conditions, and it is seen to
be quite transient. To enable a more direct comparison be-
tween the two results, we considered the pseudo long-time
average of the correlation by averaging all twenty-four of the
time-integrated correlations CE‖,e(v‖), and display the result in
Fig. 8. For v‖ > 0, this plot shows a dominant energy trans-
fer from fields to electrons, with a zero-crossing of the bipolar
signature near to the electron thermal velocity, which is qual-
itatively similar to the observational MMS interval (found in
Fig. 2(c) of CKH19). Note that in the observational result, the
resonance was found to be slightly above the electron thermal
velocity and symmetric about v‖ = 0. For waves propagating
down the magnetic field (v‖ < 0), a single clear signature is
not produced in the pseudo long-time integration of CE‖,e(v‖).
Instead, there appear to be two weaker signatures, one on ei-
ther side of the electron thermal velocity, and the net energy
transfer to electrons by KAWs propagating down the magnetic
field has a much smaller magnitude than the transfer due to the
upward propagating waves. In fact, most of our simulation
probe points returned examples of overall imbalanced signa-
tures between v‖ < 0 and v‖ > 0, and showed signatures with
resonant crossings at multiple values of v‖. It is possible that
the result of the long-time average would have differed had
our z = 0 plane probe points been positioned as we originally
intended. If this had been the case, we could put greater con-
Electron Landau Damping of KAWs 12
fidence in our assumption that the wave modes at each probe
were spatially independent, but it is unclear how exactly this
would have affected our results.
Overall, our numerical results indicate that electron Lan-
dau damping in a turbulent plasma does not typically have a
broad and symmetric velocity-space signature, as obtained in
CKH19. Rather, the velocity-space signature of CE‖,e(v‖)may
have both persistent and transient features, where the disper-
sive nature of KAWs leads to bipolar signatures of Landau
damping that can appear anywhere over a range of parallel
velocities that satisfy the resonance condition v‖ =ω/k‖. Ad-
ditionally, a new study that has performed field-particle cor-
relation analysis of electron energization in 20 different MMS
burst-mode intervals has shown that indeed the CKH19 result
of a broad and symmetric signature is, in fact, atypical49. In
that study, asymmetric signatures about v‖= 0 were extremely
common, more structured parallel correlations with multiple
bipolar signatures at different parallel velocities were found,
and only one quarter of the sample returned a symmetric sig-
nature. Thus, it appears that the numerical simulation results
presented here, although not showing a clear qualitative agree-
ment to the single CKH19 interval, are in fact a more general
representation of the variety of signatures of electron Landau
damping that can be found in a turbulent plasma.
VII. CONCLUSION
In this investigation, we performed a gyrokinetic simula-
tion of turbulence in the Earth’s magnetosheath correspond-
ing to the MMS observation by Chen et al. (2019), (CKH19)19,
which, when analyzed using the field-particle correlation tech-
nique, yielded the first direct evidence of electron Landau
damping in a turbulent space plasma. We aimed first to deter-
mine numerically the typical velocity-space signature of elec-
tron Landau damping in a turbulent plasma, with a particu-
lar goal of understanding how the dispersive nature of kinetic
Alfvén waves in the dissipation range of plasma turbulence
affects the bipolar appearance of the characteristic velocity-
space signature of Landau damping, as discussed in Sec. III B.
Second, we aimed to compare these numerical results to the
velocity-space signature found in CKH19 in order to under-
stand and interpret that result more thoroughly.
Our driven, strong KAW turbulence simulation produced
a magnetic energy spectrum that is consistent with pre-
vious simulations of the dissipation range of solar wind
turbulence2,30,31 and with the MMS observations in our tar-
get interval19,47, and the dissipation of the turbulent energy in
steady-state led to heating of the electrons. We find that the
time-averaged value of the work done by the parallel electric
field 〈 j‖E‖〉τ is largely positive over the simulation domain,
occurs on scales significantly smaller than the driving scale of
the simulation, and dominates the electron energization. All
of these features are consistent with dissipation dominated by
electron Landau damping.
The application of the field-particle correlation technique
yielded gyrotropic velocity-space signatures CE‖(v‖,v⊥) that
showed the characteristic bipolar signatures of Landau damp-
ing at multiple parallel velocities over the range expected for
the Landau resonance of dispersive kinetic Alfvén waves for
the plasma parameters of this interval. When integrated over
v⊥ to yield a reduced parallel velocity-space signature as a
function of time, CE‖(v‖, t), some of these bipolar features
were found to be persistent over the full duration of the simu-
lation, while others transiently appeared and disappeared. The
time-integrated parallel velocity-space signatures, CE‖(v‖),
showed multiple bipolar resonant zero-crossings, indicative of
electron Landau damping of KAWs with particular values of
k⊥ρi, as well as broadened signatures that may be the result of
a superposition of bipolar signatures of damped KAWs with
nearby values of resonant parallel velocities, as illustrated in
Fig. 1. Together, these results suggest that electron Landau
damping does not typically generate the clean signatures of
ion Landau damping that occur at the relatively non-dispersive
ion scales. Instead, the velocity-space signature of electron
Landau damping in CE‖(v‖)may have both persistent and tran-
sient features, where the dispersive nature of KAWs leads to
bipolar signatures of resonant Landau damping that can ap-
pear anywhere over a range of parallel velocities satisfying
the resonance condition v‖ = ω/k‖. Indeed, some of those
bipolar signatures can overlap in v‖, leading to a broadened
appearance of the signature.
Comparing to the observational results, we do not typi-
cally find the symmetric and smooth appearance of the bipo-
lar velocity-space signatures seen in CKH19. We do find in-
stances of symmetric signatures, but they are not as common
as the more varying signatures shown in Fig. 7. The lack of
smoothness in our numerical results could be due to the higher
velocity-space resolution in the simulations, the smearing ef-
fect of fluctuations in the magnetic field direction of the ob-
servation, or the much longer period over which the observa-
tions are time-averaged. Averaging the reduced parallel cor-
relation from all twenty-four of our probes to yield a longer
effective time average, we present in Fig. 8 the best compar-
ison of our numerical CE‖(v‖) to the observational velocity-
space signature in Fig. 2(c) of CKH19. Although we do not
recover a signature that is symmetric about v‖ = 0 as in the
observations, the broadened bipolar signature on the v‖ > 0
half is qualitatively consistent with the bipolar signature at
v‖ > 0 in the observations. Furthermore, a new field-particle
correlation analysis of 20 different MMS burst-mode intervals
has shown that indeed the CKH19 result of a broad and sym-
metric signature is, in fact, atypical49, and that the varied ap-
pearance of the velocity-space signatures of electron Landau
damping in our numerical results may indeed be much more
representative of the results from a larger sample of observa-
tions. Taken together, we believe that our simulation results
provide a numerical confirmation that the results in CKH19
indeed provide evidence of electron Landau damping in a tur-
bulent space plasma. Future numerical simulations will de-
termine the characteristic velocity-space signature of electron
Landau damping in the dispersive kinetic Alfvén wave regime
over a wider range of plasma parameters that are relevant to
other heliospheric environments of interest, such as the inner
heliosphere.
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Appendix A: Linear Gyrokinetic Dispersion Relation
Here we present the linear gyrokinetic dispersion relation
over the range of perpendicular wavenumbers resolved within
the simulation. In Fig. 9(a), we plot the ratio of the damping
rate to the frequency (γ/ω) and in (b) the dimensionless fre-
quency (ω/k‖vte), which is the phase velocity normalized by
the electron thermal speed. Both are plotted against the di-
mensionless quantity k⊥ρi. Note that for perpendicular length
scales larger than the ion Larmor radius, k⊥ρi < 1, which is
the range of scales in the inertial range of the turbulence, the
MHD Alfvén waves are nondispersive (here ω/k‖vte indepen-
dent of k⊥ρi). For perpendicular scales smaller than the ion
Larmor radius, k⊥ρi > 1, the MHD Alfvén wave transitions
to the kinetic Alfvén wave, a dispersive wave mode where
ω/k‖vte increases approximately linearly with k⊥ρi until the
waves approach the electron scales at k⊥ρe ∼ 1 (equivalent
to k⊥ρi ∼ 128). Note that these linear gyrokinetic dispersion
relation results have been validated against the linear Vlasov-
Maxwell dispersion relation in the limit k⊥ k‖. The disper-
sion relation in Fig. 9 clearly reveals the dispersive nature of
kinetic Alfvén waves at k⊥ρi & 1, and is used below to show
how the range of resonant velocities is determined.
In panel (a) the total damping rate γtot/ω (black) is plot-
ted along with the separate of ion (red dashed) and electron
(blue dashed) contributions: γi/ω peaks at the ion Larmor ra-
dius, and γtot/ω is dominated by γe/ω well before the sim-
ulation driving scale, which is marked by the dashed vertical
line at k⊥0ρi = 8. The maximum fully resolved wavenumber
is k⊥ρi = 168. A rule of thumb is that collisionless damp-
ing becomes significant when γtot/ω & 0.1, which begins at a
perpendicular wavenumber k⊥ρi = 17.5. That perpendicular
wavenumber is used in panel (b) to find the minimum resonant
velocity ω/k‖vte = 0.79 at which we expect electron Landau
damping to begin to become significant. The maximum fre-
quency in the dispersion relation ω/k‖vt,e = 1.57 occurs at
k⊥ρi ≈ 71, which gives the upper bound on the resonant ve-
locities expected to contribute to electron Landau damping.
Therefore, the range of resonant parallel velocities at which
we expect to observe signatures of electron Landau damping
is 0.79≤ |v‖/vt,e| ≤ 1.6.
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